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1.  Introduction 

This Final Report summarizes the equipment purchased and assembled into the subject 

measurement system under this Defense University Research Instrumentation Program 

(DURIP) grant. It also describes how the equipment was used to augment the research 

being conducted under a separate AFOSR grant dealing with entrainment and mixing in 

turbulent shear flows, and how the equipment will be used in future research into gaseous 

mixing in turbulent shear flows. 

2. Research Objective of the Instrumentation System 

Mixing of a gaseous fuel species with a combustion air stream, and its subsequent 
combustion under conditions of highly turbulent flow, are the central physical processes 

that underlie all current and future airbreathing propulsion systems. The engineering 
objectives that must be addressed in developing improved systems have in recent years 

focused heavily on such issues as combustion stability and reduction of trace pollutant 

species emissions. Achieving major improvements in these has become increasingly 

difficult, as the gains possible from comparatively simple methods for addressing them 

have become essentially fully exploited. Developing the scientific foundations from which 

dramatic new gains can be made in these and related areas is one of the objectives of DoD- 

supported research. 

Such major gains require a significant new breakthrough in the ability to understand and 
effectively model the physical processes involved in turbulent flows and turbulent mixing, 

and in the consequent nonequilibrium departures that exist in the coupling between 

molecular mixing and chemical reaction kinetics in turbulent flows. In recent years, a 

surprising number of important insights have been obtained from a series of experimental 

studies into these processes, which are suggesting entirely new ways of approaching the 

description and modeling of turbulent combustion. 

The key component to which these recent insights can be attributed is a renewed focus on 

fundamental experimental measurements of the physical processes at work in turbulent 

shear flows. Unlike the previous generation of multi-point probe measurements, which 

were well-suited for studies of the large scale structure of turbulent shear flows, some of 

the most exciting results being obtained today are from the current generation of high- 
resolution multi-dimensional spatio-temporal imaging measurements of the fine scale 

j Approved for publ lc release J 
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structure of turbulent flows, where the actual molecular mixing and mixing-chemistry 

coupling occur. Such multi-dimensional imaging measurements inherently produce data 

that directly give a physical picture of the structure and dynamics of these flow scales, 

rather than simply giving the projection of this structure onto some very low-dimensional 

quantity accessible by conventional probe measurements. 

The physical picture that this new generation of imaging measurements is offering has 

revealed a remarkably simple fine scale structure in turbulent flows that, in many ways, 

mimics the surprising simplicity revealed by the discovery of structure at the large scales in 

turbulent shear flows some twenty-five years earlier. This comparatively simple fine scale 

structure had entirely eluded the previous decades of measurements based on single-point 

and multi-point probes, and was revealed only by the relatively recent development of 
high-resolution multi-dimensional imaging measurements for turbulent flows. These 

measurements for the first time offered a direct view onto this fine scale structure. While 

many of the details remain to be discerned, this emerging physical picture of the small 

scales of turbulent mixing and combustion is producing a much clearer understanding of 

the molecular mixing process and the nonequilibrium mixing-chemistry coupling process, 

as well as their relation to the entrainmentrate dictated via the large scale structure of the 

flow. This understanding has in turn led to some remarkable new ways of modeling the 

flow, mixing, and chemical reaction processes in turbulent reacting flows, and even new 

ways of simultaneously simulating these processes. 

The measurement system developed under this DURIP grant represents the next step in 

this process of scientific discovery. It is capable of providing the first-ever simultaneous 
measurements of the combined spatial and temporal structure of the conserved scalar field 

£(x, t), the molecular mixing rate field V£-V£(x, t), and the underlying vorticity and strain 

rate fields co(x, t) and e(x, t) in a gaseous turbulent shear flow. 

3. Description of the Instrumentation System 

The instrumentation system assembled under this DURIP grant represents a major 

extension of our existing planar Rayleigh imaging system (see Fig. la). It is designed to 

allow a set of remarkable new fully-resolved four-dimensional spatio-temporal imaging 

measurements of the fine scale structure of molecular mixing in gas-phase turbulent shear 

flows. The central idea is to image four different laser sheets onto four different imaging 

arrays (see Fig. 1 b).   Each of these laser sheets is distinguished by a unique combination 
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Figure la. The previously existing single-plane Rayleigh imaging system. 

Figure lb. The new four-plane Rayleigh imaging system. 
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of frequency and polarization. The laser sheets will be generated by four Nd: YAG lasers, 

two of which operate in doubled-mode (532 nm) and two of which operate in tripled mode 

(355 nm). The two sheets at each frequency are arranged to have orthogonal polarizations, 

by bringing each of the sheets into the flow parallel to each other but propagating at right 

angles to each other. The sheets are thus brought into the flow from above and deflected 

45-degrees downward. The four camera view the sheets through a set of polarization 

filters and frequency-sensitive mirrors, so that each camera can see only one of the four 

laser sheets, owing to their unique combination of frequency and polarization. 

Two of the four sheets are fired simultaneously and imaged onto their two respective 

cameras. A few milliseconds later, a delayed pulse fires the other two sheets, which are in 

turn imaged onto their respective cameras. The net result is that each camera sees only one 
of the four sheets, and records the Rayleigh scattering within that sheet. Since the sheets 

are spaced appropriately in the z-direction, the data are simultaneously differentiable in x, 

y, and z, as well as in time owing to the second two sheets. This allows the mixture 

fraction field C(x,t) as well as the molecular mixing rate field V£-V£(x,t) to be determined. 

Moreover, from the simultaneous space and time differentiable data, the underlying 
vorticity and strain rate fields co(x,t) and e(x,t) can also be determined via the scalar 

imaging velocimetry technique. 

4. Listing of all Equipment Acquired 

A complete list of all equipment purchased to assemble this unique instrumentation system 
is attached on the following pages. All major aspects of the equipment purchased conform 
to the list in the original proposal. This includes the YAG laser systems and associated 
optics and computer interfaces. The list shows all individual items purchased, including 
individual smaller equipment items required to assemble and set up the larger equipment 
items into a functioning system. 



r 

H 
Z 
P 
O 
s 

w 
H 
<: 
Q 

q 
od 
00 
CN 
Os 
O 
CN 

00 
Os 

m 
so 

CN 

OS 

00 
o\ 

o o o o ■* o O •* so 
o CN o o os o o m O 
o r- o\ OS 00 o o CN >n 
o so so o r* o o CN r~- 
lO (N VO Os 00 (N in —^ 
CN (N rN ^H m 
Tf 

00   00   00   00   00 
OOOOOOOsOsOsOSONOO 

iososososor-r~Tfso 

CN o o >n o 
—< CN oq CN sq 
os oo so co co 
TJ- —I os —i — 

lOiocSTfO-^somooooo—i 

wi 2£ TJ-' ö oi od r~ wi so" so —«' oo' 
cs^'t^—'cnr-cNr-mr-^r--* 
-H Csl   tsi  n  M   -1 CNTJ- 

oo 
00000000000000000000000000000000OS 
OsOsOsOsOsOsOsOsOsOsOsOsOsOsOsOs^ 
oooooooooo«oooot~-T)-—<—i—i — —> c-i 

vo\os5sososor~r-~r~r~o\inir)<oio>ri—« 

P 
H 
U 
<: 
fc 
p 
z 
<: 

00 y 

< 
as 
E- 
U 
tu 
0- 
on 

Da 
H 
on 
Z 

Z 
O 

& u 
z 
2 
CL 

on 
on on 
Q Q 

C) OS OS 

on < < o o 
IT 03 CQ 
Du OS DJ 

< 
tu tu 
H H 

Ul P P 
E- CU OH u 
tU 
Du 

s s o o 
on u u 

w cu 
Q Q 

X 
U 
OS as ttj <r 

H H tu 
on on on 
z z tu 
'—, *-* OS z Z Q 

OS 
o 
Z 
< 

o o 
H H 
tu tu 
U U z z 
CaS OS H 
Cu a. on 

CM 

P 
o 

< 
a 

Z 
tu 

X u 
OS 
<: m 

tU 

< 

fY! ^ on Q 
tU 
n z z z z P tu OS 

oS 
p 

Z o o o o H a 
oS o 
X o z z z z on j 

< z z z z z £ j 
OS CU CU tl) CU •"M r> <r a J J J J on UL 

Z n ü 
£ 
£ 

tu tu tu tU 

K X X X 
< 
Q 
< < 
E- H 
on on 

o 

on 
til 
on 
< 

on tu 
tU H 
OS on 
O < 

°? u s s 

U U U U U H 
zzzzzg 

H H OS 
Z Z O 

tU on 
OS tu 
DJ J 
X J 
o 

F- F- f- 
Z z z 
tu tu tu 
OS os OS 
tu tu ÜJ 
X X X 
o o o 

tu 
OS 
tU 

u u u u u 
tU 

J 
tu 
a 
o 
S 

o m 
CN 

i 

O 
OS 
CL 

X 

Q 
U 
U 
S3 

on 
o 

I 
o 
00 

^  0  CQ 
o z: CL O   ^   CL £ 
c Q o K 
«  O  f! <-> 
CQUa. 

y 8 

x 
o 
X 
tu 
CL 

E 
o Q S 

-u es os in 
o 
o 

o 
o 

so so so so 
on on on on 
on on on on 

o 
00 >n 
Q o 

m m 
m ■* 

m on 
U H 
Q > 

CM fl Os Os <n O 
v1 r>i ^ r~- o° n ä r^ r~ «n fsi r* 
g os os io rt "* 
os m m so so Ti- 
OS CN CN CN CN ■* 

■n o 
■ 

CL 
u 
o 

I r- 
o 

Z 
o 
H 
CH 

2 
u 
td 
a 

S 
H 

OS 

OS e: —i CL 
on tu tu 

-,1 
L- 

1 OS 
E 2] < tu 

tu 

5 
as on on ca 

•tf* <• u < 
J -I <£ U 
O Ü N J 
OS ^v fV < 
o o <f u 
_] _l J H u u n CL u U CM u 

>- 
—•CNOOOOOOTl-^M   —   —.fN -M   —.   CN   C-l   —■   TT 



r-ooooini^<ncNen-*enooONooNOCNTtcneninenoo 

od en —' NO in od en en CN in r~ ■*' rt •* -^t o\ ON ^*■ ^t o o\ NO NO rj in o\ 
— -   ■>3-a\NooooocNencNino\inO'*tr-~oocnNONOCNa\ooT)-enNo 

*oio»o^nrt»i««       >n NO       —i r-~ —< en en       vo —> 
CN CN —   -? 

00   CN 
■* o 

en t-~ 

inmminomocjNCNeninooino 
^ciq^invqON-; en NO en en oo p 

" od NO —i Tf od vd d vi "t vi «i in M i~ 
o M m n* -1 — —• CN 

i —•  r- t~- NO 
en 

ON oo N in -> 
n n M ^ io 
-H -H  CN en CN 

oo oo oo oo oo 
ONONCNONONOOOOOOOO 
ööoöö0:0:0:0: 
enenenenencNCNcNCN 

en en en en 

oo       oo oo 
000000000000000000000000 OO   M   00  00   a O   0\   0\ G\   ON   C\   ON   ON   OS   C3N 
ONOO\ONONC>ffiO>0\ONOAONO\OOG\C\>0\iJ;CTiC\000\ONO\C?\ONC\ 

CNCNCNCNCNCNCNCNCNCNCNCNCNCN-<t-3-ON 
CN ^.CNCN.       ....._.._ 

CN-H^H—'CNCNCNCNCNCNCNinCn 

E- E- 
g g 
2 5 
a a 
00 00 
BJ BJ 
J J 
NJ -J a BJ 
2 2 

E- E- 
g g 
2 2 
ü o 
oo oo 
BJ BJ 

BJ BJ 
2 2 

öS a> 
ü Ö 
oo oo 
BJ < 

tu > 
2u 

H E- H 
OH OH OH a as os o o o u u u 
öS öS öS 
BJ BJ BJ 
oo oo oo 
< < < 
J J J 
I—I »—I I—I 

> > > 
u u u 

a. cu 
öS öS 
O O 
U U 
E- H 
öS 
o a. 

BJ BJ z z 

& ö< CU 
d ai Pi 
o o o 
u u u 
H H H 

' öS öS 
O " a, 

öS 
o 
OH 

pa BJ 
z z 

0- OH 
öS öS 
o o 
u u 
b b öS öS 
o o 
0- 0- 

IM BJ 
z z 

b b OH öS 
O O 

BJ BJ 
z z 

OH 0- 
öS öS 
o o 
u u 
H E- 
öS öS 
O O 
OH OH 

££ 
BJ BJ BJ 
z z z 

OH 
öS 
o 
u 
E- 
öS 
o 
OH 

OH OH OH 
öS öS öS 
o o o 
u u u 

OH OH OH OH 
OH Oi Oi OC 
o o o o 
u u u u 

E- H 
öS öS 
o o 

OH 

BJ BJ BJ 
z z z 

H E- 
öS öS 

BJ BJ BJ BJ 
Z Z Z Z 

00 oo 
BJ < 

E- 
0- 
öS 
O u 
öS 
BJ 
«G pa 

O 
Z 

öS 
E- 
oo 
Z 

< 
oo a 
BJ . 
z a: 

z z 
o o z z z z 
BJ BJ 

BJ BJ BJ 

ac ac ac 

0- 
öS 
o u 
E- 
öS 
o 

BJ > 
z u 

u z 
E- . . z 

OO BJ 
< öS 

" BJ 
ac o u 

O — Q —I 
m 00 O in 
OH 
U 
o 

I 

o 

in 
£ Ü co 
a _J H 
i^ r^ r^ 
o o o 

"3 i ^3r 
■* __; 

in oo 
CN en 

■ i 

w-i in 
CN CN 
ö 6 
ü ü 
u u 
öS öS 

^3r i 

-S "^ 
oo <n 
en CN 

■ i 

■n in 
CN CN 
ö 6 
Ü Ö u u 
öS öS 

OH 

6 < 
O CN 
en en 

S3 S <N 

OH CU CH OH 00 
> CO 00 > öS "7 

ss<ssisss^ 

< 

ea pa < 
< < % 00 00 00 
J J >A 
oo oo 2 

Q Q Q oa pa 
, < < ■n oo oo 
o -J -J 
vO 00 OO 

m 
■n 
en 

■ o ■n r- 
m 
O "^ en CN 
in 

CN CN oo 5o 
—• _ m en 
O o O o — — O O 00 00 NO vo 
Q ca Q pa . , _    . . . . ~s 

TntHSUUUU i i 

^&>£co^c*ooSS 
ooaDUooooooooNOvo 

m 
m 
m 
6 
■n 
o 
00 en ££ 
>°^ EC en 
-J in 

öS 
BJ 
2 
öS 
< 
u 

< 
u 

o 

öS 
BJ 
Q 
J 
O 
K 
oo 
Z 
BJ 
-J 
J 
< 
u w 
2 a 
Q ^ z ^* S3 00 
J  -J 

si 
S 2 
aa H < i E- J 

oo £5 

Q 
< E- 

^fc 
00 00 00 00 
Z Z Z Z 
BJ BJ BJ BJ 
J J J J 

O ■n 
CN 
CN 

2 
o 
O 
öS 
z 
oo 
H 
D 
U 
öS 
U 
BH 

O 
z 
o 

< 
J 

< 
E- 
oo 
Z 

öS 
BJ 
z 
o 

s B 
öS oo 
P O 

BJ 
a 
< 
H 
oo 

< 
Z 
o 

< 

BJ £ 
-J Z 

E- E- 
00 00 
O O 
OH OH 

BJ 
Ü 

E^ 
oo 
Z 
o 

< 
E- 
O 
öS 

OH 

S 
o 
u 

öS 
BJ 

E^E^ 

2S 

cu 
00 

< . 

™> O ^ 
öS BJ 
öS öS 

U 
oo 

öS 
BJ 
a 
j 
o 
sc 
oo 
z 
BJ 

BJ 
J 
oa 
< 
E- 
oo 
D 
3 
< 

öS 
BJ 
Q 
J 
O 

öS 
o 
öS CJ 
öS BJ 
C öS 
2 o- 

00 

öS öS 
BJ BJ tt 
J J 
0- CL 
00 00 

< < 
BJ BJ 
ca pa 
öS öS 
o o 

öS 
BJ 
Q 
-J 
O 
ac 
00 
Z 
BJ 
J 
J 
< 
u >—( 
öS 
Q 
Z 
J 
>< 
u 
BJ 
-J 
pa 
< 
E-i 
oo 

s 
BJ 
H 
oo 

oo 
öS 
O 
E- 
< 
J 
D 
U 
pi 
u 

o 
< 
öS 

t-, BJ 
BJ Ü 

t; z as E a a a 
22 

j öS 
a BH 
öS BJ 
H as 

öS öS 
o o 
E- H 
u u 
BJ BJ 
z z 
z z 
o o 
u u 

u u 

öS öS 
o o 
Ob 
BJ BJ 
z z 
z z 
o o 
u u 

u u 
D D D D 
ooao 

-J J 
< < 
ca oa 
2 2 
o o OH 

z z BJ 
o o fc 
00  00 <* 
U U oo Q 
BJ BJ 
2 öS 

Z < 
BJ  ,o 

0-   0- -J ^r 

CN        in m 
CN — NO NO NO -'—•—i -H —. -H-HCNcN—> — -Hininr- CNCNCN   —   ■*   -t   CNI   CM   -   -H   -<—' 



OOvwiOOOOOOOOO 
o>ooooppopppoo 

>0O—«CNCNCOmOlOCNONO 
^vor»o\Ttoooooovio\M 

m —■       — 

Cil0«!0000000000O\O\O\ 

5C!VOCNCSC3CNCNCN~;^;^ 

cu 
u 

QOOOOOO Z 

f- jv.D-e.e-oia.Q-KEE 
Z gaooooouuu 
a eicfltfloitfiMtflWW!1' 
05 <MWBUawHHH 
W JJJJJ_J_JZZZ 
T „JJJJJJUWW 
O 
U 

m 
"">                              _ o                             £> 
«A                                       O 

6 T V - 9 "? ° 
oo 
CN 
CN <SSSoOHQ 

"^        1          1          1          1          1          1      IT« 
Civovocnt^-t~r-3- 
D-—.00000-. 

o o 
l/-> 

> m en 
X in 

VO 
ON 

ci 
rH 
0\ 
CO 

H 
Z 
D 
O 
S 
o 
o. 
Oi 

o 
CN 
CS 

s 
O 
O 

Z 
on 
H 

U 
Oi 
U 

o 
z o 
H 
< 
J 
J 
< 
E- 
oo 
Z 

rv 
S S LU 

Z Z OJ 
CN <o . ] UJ r»> V) 
m m 00 OS 

m 

öS 

2 < S 
CN 

< 
U 

o o ea j -J 
OS o. O <f < ex ttj z OS OS 

> > N J J 

on 
OS 0Ä OS < u < u 

Z on oo _] 
tu < < O fcfc 
_l J -j CM u u 

O 
H 
U 
PJ 
H 
W 
Q 

ffl U 
Ü 3 

—i —i —■ rr rf 
CN 

CS CN CN 

H 
O 
H 


